To lay the foundation for our comments on Knight [1995, hereinafter referred to as K), we begin with a very simple discussion of the basic idea of surface melting. We will not review the entire subject, nor is this necessary; for reviews, see Frenken [1989] , Dash [1989], and Oxtoby [1990] . After our brief introduction to surface melting we list the major points of K and respond to each in turn.
Introduction
To lay the foundation for our comments on Knight [1995, hereinafter referred to as K), we begin with a very simple discussion of the basic idea of surface melting. We will not review the entire subject, nor is this necessary; for reviews, see Frenken [1989] , Dash [1989] , and Oxtoby [1990] . After our brief introduction to surface melting we list the major points of K and respond to each in turn.
Surface Melting
The term surface melting refers to the melting of a layer of fluid on the surface of a solid at temperatures below the bulk melting point of the solid. It is an equilibrium phenomenon, well established (as shown below) both experimentally and theoretically on a wide range of solids. The melted material is liquidlike, and the surface-melted or disordered region is often called a "quasi-liquid layer" (QLL).
The existence of a QLL at equilibrium can be understood by consideration of a thought experiment in which a fresh solid/ vapor interface is created on a solid at a temperature T below the bulk melting temperature (by cleaving the solid, for instance). (We consider here a one-component system, as does K.) In this thought experiment, the solid, or crystal, structure is intact up to the surface in the first instant after the new surface is created. The system free energy consists of a volume term and a term proportional to the surface area. We ask under what conditions the evolution to equilibrium requires formation of a QLL. Let us imagine that a QLL of depth h exists on the surface. Let the surface area be A and the depths of the solid (vapor) layers be L,(L,,), where the subscripts "s" and "v" refer to solid and vapor phases. Let the surface free energy per unit area be %,,(h). Since the pressure is not uniform in this system, it is convenient to express the conditions of mechanical and thermodynamic equilibrium in terms of the grand potential, 12 -= F -G, where F(G) are the Helmholtz (Gibbs) free energies. 12 = -p l/ + 3,A in each phase of surface area A, surface energy % pressure p, and volume V. Let the pressure in the bulk phases be p and let that in the surface-melted layer be p'. We have Given a functional form for 3,,.
•,(h) (which comes from knowledge of the intermolecular forces at the interface; see the reviews cited for details), the equilibrium thickness h of the layer at any temperature and pressure is found by calculating
•OLL from (3) and inserting this function of h into (4).
This brief introduction will suffice for our discussion to follow; however, the theory of this well-established phenomenon has been fully discussed in many reviews and journal articles for more than a decade. 2. "The idea of surface melting is at variance with the Gibbs phase rule as formulated for bulk phases." We agree with K that surface melting cannot be accommodated within the phase rule restricted to bulk phases, but the QLL is not a bulk phase. The formulation of the Gibbs phase rule (GPR) familiar to most readers is that in which surface contributions to the thermodynamic properties of the system are ignored. In a one-component system containing n bulk phases, it is convenient to take as variables the temperature T and the chemical potential Ix (where Ix is the partial derivative of the bulk 
Thus by including surface thermodynamics, we find that the temperature range at which the three phases can coexist is no longer limited to that at the triple point. This is not the only example of a system in which Nfree is greater than the value given in (2). A system in which there is a magnetic field, for example, also has a new degree of freedom; the internal energy depends on the magnetic induction, and Nfree is given by (8). . The experiments are difficult, and it is too early to make quantitative statements about their implications. However, we do not agree with K's arguments against the occurrence of surface melting on ice. First, K has misinterpreted some experiments by Elbaum [Elbaurn et al., 1993] which demonstrated that in surface melting, as in many other respects, water is unique. These experiments revealed that at temperatures close to the bulk melting point, a thin film of surfacemelted material forms, but it does not grow uniformly thicker as the temperature increases. Rather, discrete droplets form on top of it, a behavior not yet seen on other materials. A subsequent theoretical treatment [Elbaurn and Schick, 1991] explained this behavior via extension of the simple arguments given above; briefly, in computing %v(h), we must consider the energy of interaction of molecules as a function of intermolecular distance: the total energy is an integral over all distances. At short distances the water/water interactions are attractive (a thin film of water "wets" ice) but at "large" distances the interactions are repulsive. This behavior is still under examination, as are the effects of impurities on the surfacemelting properties of ice. K also states that since ice crystals forming in vapor exhibit sharp facets and ice crystals growing from bulk liquid generally have rounded surfaces, ice in vapor cannot be covered by surface-melted liquid. We counter that the differences are a natural consequence of the different in-terfacial energies of ice in bulk liquid and in vapor (where in vapor the surface consists of a thin layer of quasi-liquid), It is important to note that the rounding is due to a general thermodynamic phenomenon, "surface roughening," which occurs when there is unrestricted growth of lattice steps on a crystal facet [Burton et al., 1951] . This occurs when th e temperature rises above the "roughening temperature," Tr. The roughening temperature generally scales with the surface energy. Ice in contact with bulk liquid water has much lower surface energies than ice in vapor, and hence Tr in the former case is lower than in the latter. Thus the different growth shapes do not imply that ice surfaces in vapor cannot be coated with quasi-liquid. (We also counter K's suggestion that ice grown in bulk water generally has rounded surfaces. Observations of faceted growth in bulk water have been reported by Hillig [1958] and Wilen and Dash [1995] . The facets are basal plane surfaces, one of the principal surface orientations of ice.) Finally, we note results of recent measurements by grazing angle X ray scattering on single crystals of ice in vapor [Lied et al., 1994] . These show quasi-liquid layers on both basal and prism facets, detectable at temperatures as low as -30øC. The thickness of the layers increased monotonically with temperature, in close agreement with a detailed theoretical model. K argues against the theory of Baker and Dash for charge transfer in thunderstorms [Baker and Dash, 1994 ], but although those arguments also seem unfounded to us, we prefer to respond here only to his more general points on surface melting.
Summary
Surface melting is an equilibrium feature of many onecomponent systems. It has been extensively analyzed theoretically and experimentally and the theoretical predictions are in good agreement with experiment for many substances. We do not as yet know the extent of surface melting on ice particles in vapor, however, and therefore our applications of the idea of surface melting to atmospheric phenomena are based on analogy with other systems. Criticisms of such applications are certainly appropriate and welcome, but the time has passed to question the existence of the phenomenon in general.
